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Techniques based on amplification of 16S rRNA genes for comparing bacterial communities are now widely
used in microbial ecology, but calibration of these techniques with traditional tools, such as cultivation, has
been conspicuously absent. In this study, we compared levels of bacterial community diversity in two pinyon
rhizosphere soil samples and two between-tree (interspace) soil samples by analyzing 179 cultivated bacterial
isolates and 801 16S rRNA genes amplified from extracted soil DNA. Phylotypes were defined by performing
a restriction fragment length polymorphism analysis of 16S rRNA gene sequences with the enzymes Rsal and
BstUIL The average level of 16S rRNA gene sequence similarity of members of a phylotype was 86.6% based on
an analysis of partial sequences. A total of 498 phylotypes were identified among the 16S ribosomal DNA
(rDNA) clones, while 34 phylotypes occurred among the cultivated isolates. Analysis of sequences from a subset
of the phylotypes showed that at least seven bacterial divisions were represented in the clone libraries, whereas
the isolates represented only three. The phylotype richness, frequency distribution (evenness), and composition
of the four culture collections and the four clone libraries were investigated by using a variety of diversity
indices. Although cultivation and 16S rRNA cloning analyses gave contradictory descriptions of the relative
phylotype richness for one of the four environments, the two methods identified qualitatively consistent
relationships when levels of evenness were compared. The levels of phylotype similarity between communities
were uniformly low (15 to 31%). Both methods consistently indicated that one environment was distinct from
the other three. Our data illustrate that while 16S rDNA cloning and cultivation generally describe similar
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relationships between soil microbial communities, significant discrepancies can occur.

Bacterial communities have traditionally been compared by
analyzing isolates cultivated on plates. Clustering isolates into
operational taxonomic units based on phenotypic or genotypic
characteristics allows comparisons of the following three ele-
ments of diversity in a sample: the types of bacteria present
(composition), the number of types (richness), and the fre-
quency distribution or relative abundance of types (structure).
Evaluating these elements for collections of cultivated isolates
provides relative measures of community diversity but not ac-
curate descriptions of community diversity in situ. For exam-
ple, the potential for cultivable organisms to enter the viable-
but-noncultivable state (32) can dramatically distort the
relative abundance of an organism observed in a culture col-
lection. Nonetheless, for samples that are treated in a uniform
manner, measures of community composition, richness, and
structure derived from a sample of cultivated isolates can iden-
tify meaningful differences between bacterial communities.

Methods that rely on direct amplification and analysis of 16S
rRNA gene (rDNA) sequences are rapidly replacing cultiva-
tion as a way to compare the composition, richness, and struc-
ture of microbial communities. Such methods include denatur-
ing gradient gel electrophoresis (13, 19, 23, 37, 49), terminal
restriction fragment analysis (4, 6, 28), and 16S rDNA cloning
(2, 8, 15, 38). Like cultivation, amplification of rDNA can
distort the apparent structure of a community as a result of
biases in cellular rDNA copy number (11), DNA extraction
(33, 48), and PCR amplification (40, 46) but may still provide
meaningful comparisons of bacterial communities. Methods in

* Corresponding author. Mailing address: Environmental Molecular
Biology Group, M888, Life Sciences Division, Los Alamos National
Laboratory, Los Alamos, NM 87545. Phone: (505) 665-4800. Fax:
(505) 665-3024. E-mail: kuske@lanl.gov.

1662

which direct amplification and analysis of DNA are used allow
more comprehensive sampling of microbial communities than
cultivation. However, thus far such methods have not been
compared in parallel with cultivation methods for assessing
similarities between communities.

Numerous studies have investigated the phylogenetic over-
lap between organisms obtained by cultivation and organisms
identified by direct amplification and cloning of 16S rDNA (2,
5, 38, 45, 47, 50). These studies have consistently demonstrated
that the two methods generally sample different fractions of
bacterial communities. In some cases, no overlap was observed
between culture collections and 16S rDNA clone libraries (2,
47). In other cases, as much as 41% of the phylotypes identified
in a culture collection were also identified in 16S rDNA clone
libraries (5, 50). The amount of overlap between culture col-
lections and clone libraries appears to depend on several fac-
tors, such as the complexity of the environment being exam-
ined, the discrepancy between plate counts and direct counts,
and, importantly, the sample size of 16S rDNA clones. Of
greater interest than the overlap between culture and 16S
rDNA clone libraries is the extent to which these two methods
describe similar relationships between different microbial com-
munities despite the biases inherent in each method.

We used cultivation and 16S rDNA cloning to study the
diversity of pinyon pine rhizosphere communities and in-
terspace (between-tree) communities in two arid southwestern
United States soils. One soil is in the hot, extremely dry, 900-
year-old cinder field of an extinct volcano, while the other is a
sandy loam soil 19 km away that is typical of the region. This
is the first report describing the use of both cultivation and 16S
rDNA clone libraries to compare microbial communities in
different samples. We used restriction fragment length poly-
morphism (RFLP) analysis of 16S rDNA sequences of culti-
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vated isolates and 16S rDNA clones to define phylotypes and
then compared the phylotype richness, distribution, and com-
position of four culture collections and four clone libraries.
Additionally, partial or full-length sequences were obtained
from representatives of a subset of the RFLP patterns for
phylogenetic analysis. Based on comparisons of a variety of
diversity indices, cultivation and 16S rDNA cloning generally
provided similar assessments of the relationships among the
four soil environments, although some notable exceptions oc-
curred.

MATERIALS AND METHODS

Field sites. Soil samples were collected from two field sites 19 km apart in
northern Arizona that have similar plant communities (pinyon pine-juniper
woodlands), elevations, and general weather patterns but differ dramatically in
soil type (7, 24). One site is located in the Coconino National Forest near the
town of Cosnino. The other site is located 19 km due north on the eastern edge
of Sunset Crater National Monument. At Cosnino the soil is a light sandy loam
(18), and the areas between widely spaced trees (interspaces) are sparsely cov-
ered with grass and forb species. In contrast, the Sunset Crater soil consists of
black, coarse-textured, well-drained cinders, and the interspaces are largely bar-
ren. Although the soil pH values (pH 7.13 to 7.57) and nitrate and ammonium
nitrogen concentrations are similar at the two sites, the available organic matter,
phosphorus, potassium, calcium, and magnesium concentrations are significantly
lower in the Sunset Crater cinders than in the Cosnino soil (25).

Soil samples. Soil samples were collected in April 1994 as previously described
(24). Rhizosphere samples were collected from one mature tree at each site; the
trees at the two sites were matched for age (160 years). For each tree, 10 50-cm?
subsamples were collected at evenly spaced locations around the drip line at a
depth of 10 to 15 cm and then pooled to create a single composite sample.
Composite interspace samples were similarly created by combining subsamples
taken at a depth of 10 to 15 cm across an approximately 1,000-ft> area surround-
ing each tree. The composite samples were mixed well, immediately placed on ice
for transport, and frozen at —70°C after 24 h.

DNA extraction from soil and cinders. Nucleic acids were extracted from two
10-g aliquots of each of the four soil samples collected in April 1994 as previously
described (24). Briefly, the extraction procedure consisted of incubation at 70°C
in TENS buffer (50 mM Tris [pH 8.0], 20 mM disodium EDTA, 100 mM NaCl,
1% [wt/vol] sodium dodecyl sulfate), bead mill homogenization (Biospec Prod-
ucts), three cycles of freezing and thawing, and nucleic acid precipitation with
ethanol. The extracted DNA was purified by phenol-chloroform-isoamyl alcohol
extraction (41) and passage through Sephadex G-200 spin columns (48), repre-
cipitated with ethanol, and dissolved in TE buffer (41).

Small-subunit rDNA libraries. Clone libraries were created from 16S rDNA
sequences amplified from extracted DNA (24). PCR amplicons approximately
1.5 kb long were ligated into the pGEM-T plasmid vector (Promega, Madison,
Wis.) and transformed into Escherichia coli DH10B Electromax cells (Gibco,
BRL, Gaithersburg, Md.). Two hundred clones containing inserts of the correct
size were stored in 15% glycerol at —70°C for each of the four soil samples. Each
clone was designated C0 (Cosnino sandy loam interspace), C1 (Cosnino sandy
loam rhizosphere), SO (Sunset Crater cinder interspace), or S1 (Sunset Crater
cinder rhizosphere), followed by the clone number (1 to 200).

Bacterial culture collections. Culture collections were established from bac-
terial isolates cultivated from the composite soil samples used for DNA extrac-
tion. For each soil sample, 10 g of soil was vortexed with 50 ml of sterile, distilled
water for 5 min, rocked horizontally for 5 min, and then serially diluted. Appro-
priate dilutions were spread onto 0.1X Trypticase soy agar (Difco Laboratories,
Inc., Detroit, Mich.). After incubation at 26°C for 3 days, plates containing
between 30 and 300 colonies were examined. For each sample, 50 randomly
selected colonies were purified by streaking them onto fresh medium. Purified
isolates were stored in 15% glycerol at —70°C. Each isolate was designated iCO0,
iCl, iSO, or iS1, followed by the isolate number (1 to 50).

RFLP analysis of 16S rDNA. 16S rDNA sequences of cultured isolates and 16S
rDNA clones were amplified either directly from glycerol stock preparations by
using primers pA (5'-AGAGTTTGATCCTGGCTCAG:; E. coli bases 8 to 27)
(10) and PC5B (5'-TACCTTGTTACGACTT; E. coli bases 1507 to 1492) (51) or
from cells subjected to three cycles of freezing and thawing. Each 50-pl reaction
mixture contained 30 mM Tris (pH 8.4), 50 mM KCl, 1.5 mM MgCl, (39), each
deoxynucleoside triphosphate at a concentration of 50 wM, 50 pmol of each
primer, and 1.9 U of Taq polymerase (AmpliTaq; Perkin-Elmer, Foster City,
Calif.). Extracted DNA (1 ng) was used as the template in PCR for isolates which
were not amenable to direct 16S rDNA amplification from glycerol stock prep-
arations or from cells subjected to three freeze-thaw cycles.

Following PCR amplification, 8 or 10 pl of 16S rDNA from each of the clones
and isolates was digested separately with 2.5 U of Rsal and 2.5 U of BstUI (New
England Biolabs, Beverly, Mass.) in 12-ul reaction mixtures as recommended by
the manufacturer. Rsal and BstUI digests were electrophoresed in 3 and 4%
Metaphor (FMC, Rockland, Maine) gels, respectively, with TBE buffer (41). The
gels were stained with ethidium bromide and then photographed under UV light.
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DNA fragment sizes were determined by using Kodak Digital Image analysis
software (Kodak, Rochester, N.Y.). The quality of the numerical data was
checked by comparing the sum of fragment sizes in each restriction pattern with
the original product size (approximately 1,499 bp). Gel images of patterns with
size discrepancies exceeding the acceptable margin of error (1,499 = 100 bp)
were carefully reanalyzed and corrected. Digitized restriction patterns were
sorted with Microsoft Excel, version 5.0 (Microsoft Corp.), in order to group
similar patterns. Following each sorting, patterns were compared, and groups of
indistinguishable patterns were recorded. Each phylotype was defined as a group
of sequences that had indistinguishable Rsal and BstUI restriction patterns.

DNA sequencing. 16S rDNA templates for DNA sequencing reactions were
amplified directly from glycerol stock preparations of environmental isolates or
cloned 16S rDNA by using primers pA and PC5B for environmental isolates and
primers M13-20 (5'-GTAAAACGACGGCCAGT) and M13-24 (5'-AACAGCT
ATGACCATG) for 16S rDNA clones. The PCR conditions were the same as
those described above. Amplified DNA was purified by using a QIAQUICK
PCR cleanup kit (Qiagen, Inc., Chatsworth, Calif.), and DNA concentrations
were estimated by gel electrophoresis and ethidium bromide staining. Approxi-
mately 100 ng of 16S rDNA was used as the template in dye terminator cycle
sequencing reactions (ABI PRISM dye terminator cycle sequencing kit; Perkin-
Elmer). Primer p3MODrc (5'-GGACTACHAGGGTATCTAAT; E. coli posi-
tions 806 to 787) was used in sequencing reactions to obtain partial DNA
sequences. Nearly full-length sequences were obtained for a subset of partially
sequenced clones by using primers M13-20, M13-24, P3MOD (5'-ATTAGATA
CCCTDGTAGTCC; E. coli positions 787 to 806) (51), P3MODrc, and 533
forward (5'-CCAGCSGCCGCGGTAA; E. coli positions 519 to 533) (26) in
sequencing reactions. Reaction mixtures were electrophoresed through 4.0%
polyacrylamide gels by using a model 373A Stretch DNA sequencer (Applied
Biosystems, Inc., Foster City, Calif.).

DNA distance analysis. To determine the average level of 16S rDNA sequence
similarity of organisms that produced the same RFLP pattern, partial 16S rDNA
sequences of two to four representatives of each of 12 RFLP groups were
compared. The sequences were aligned on the basis of primary- and secondary-
structure considerations by using GDE sequence editing software (http://rdp.li-
fe.uiuc.edu) (30). Similarity values (corrected evolutionary distances) were cal-
culated by using the DNADIST program in PHYLIP (version 3.5; distributed by
J. Felsenstein, University of Washington, Seattle) and the Kimura two-parameter
model of sequence evolution.

Phylogenetic analysis. 16S rDNA sequences were compared with sequences
obtained from the Ribosomal Database Project (RDP), version 7.0 (30), by using
the SIMILARITY_RANK program to obtain S, values with database se-
quences. Database sequences with less than 307 nucleotides for comparison were
excluded from the analysis. Sequences were assigned to recognized bacterial
divisions (or were given “uncertain” status for S,;, values less than 0.50) based on
the affiliation of the nearest-neighbor sequences from the RDP.

Nucleotide sequence accession numbers. The nucleotide sequences deter-
mined in this study have been deposited in the NCBI database under accession
no. AF128631 to AF128768.

RESULTS

RFLP phylotypes. Each phylotype from the clone and cul-
ture libraries was defined by RFLP patterns obtained from
Rsal- and BstUI-digested 16S rDNA. A comparison of the
Rsal-BstUI RFLP patterns of 801 clones and 179 isolates re-
sulted in the identification of 526 patterns (Table 1). A total of
498 patterns were identified among the clones, while 34 pat-
terns occurred among the isolates. Phylotypes defined by
RFLPs obtained with two tetrameric enzymes have been re-
ported previously to represent organisms with a median ge-
netic distance of 95.6% (34). We determined the phylogenetic
discrimination of the Rsal-BstUI phylotypes in our collections
by comparing partial 16S rDNA sequences of two to four
representatives from each of 12 randomly selected RFLP pat-
terns. The 12 RFLP patterns represented organisms belonging
to four bacterial divisions, namely, the Acidobacterium division,
the proteobacteria, the gram-positive bacteria, and the Bacte-
roides-Cytophaga-Flexibacter division (as determined by analy-
sis of partial or full-length sequences [see below]). The average
level of similarity of 16S rDNA sequences having identical
RFLP patterns was 86.88% (median, 89.89%; range, 52.16 to
99.85%) based on an analysis of 427 nucleotides.

Phylogenetic diversity among RFLP phylotypes. To evaluate
the phylogenetic diversity represented by the 526 RFLP pat-
terns identified for the 16S rDNA clone libraries and the cul-
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TABLE 1. Numbers of Rsal-BstUI RFLP phylotypes in 16S rDNA clone libraries and culture collections from four soil environments

Clone libraries Culture collections
Parameter Clones Isolates Total
C0 C1l SO N iCo iCl iSO iS1

Total no. of patterns 154 (196)* 161 (212) 134 (203) 150(190) 8(46) 14 (37) 8(49) 18(47) 498 (801) 34(179) 526 (980)
No. of unique patterns® 107 (110) 106 (118) 98 (114) 114 (130) 2(6) 7(7) 5(7) 9(10) 425 (472) 23(30) 448 (502)
% of unique patterns 69 (56) 66 (56) 73 (56) 76 (68) 25(13) 50(19) 63(14) 50(21) 85(59) 68(17) 85 (51)
No. of rare phylotypes® 132 136 106 130 3 8 3 13

“ The values in parentheses are the numbers of clones or isolates.
 Unique patterns were found in only one clone library or culture collection.
¢ Rare phylotypes were phylotypes that were represented by only a single clone in a clone library or a single isolate in a culture collection.

ture collections, 203 partial (typically about 600-bp) or full- ously identified bacteria than the organisms represented by the
length 16S rDNA sequences were obtained and used for cloned 16S rDNA were.

phylogenetic analysis; sequences of 56 clones analyzed previ- Seven bacterial divisions were identified from the sequences
ously (24) were also included. The 203 sequences obtained in  representing RFLP patterns from the clone libraries (Fig. 1).
this study represented 154 of the 498 RFLP patterns identified  The distribution of clones among different bacterial divisions
for the clone libraries and 33 of the 34 RFLP patterns identi- was uneven. As shown in Fig. 1, four divisions—the Acidobac-
fied for the culture collections. Of the 168 sequences of cloned  erjym division, the proteobacteria, the Verrucomicrobiales, and
16S rDNA, only 20 (12%) had S,, values greater than 0.85 ?mth the gram-positive bacteria—accounted for 76% of the clones
se?uences obtained from the ,RDPlgmglll)aII; gab value, 0.68; Sflib examined. The Acidobacterium division was the most abundant
value range, 0.19 to 0.97). Since the atabase currently phylogenetic group both in terms of the variety of RFLP pat-
contains the 56 C0, C1, S0, and S1 sequences described previ- terns and in terms of the number of clones. Members of this
ously (24), many of the S,, values greater than 0.50 obtained division accounted for 27% of the 154 RFLP patterns (51% of
with our set of 168 sequences resulted from matches with the the 356 clones represented by the 154 patterns). The pro-
previously described set of 56 sequences, which increased the teobacteria and thz Vermcomi};robia les WIZre the s-econ q I;n d

dian S lue. S t 49 f the 35 partial
median 8, value. Seventeen (49%) of the 35 partial sequences third most abundant phylogenetic groups found in the clone

obtained from cultivated isolates had S,,, values greater than . . .
0.85 with RDP sequences (median S,,, value, 0.84; S, value libraries, accounting for 16 and 7% of the 154 patterns (10 and

range, 0.32 to 0.98). Only 33% of the 16S rDNA clone library ~ 8% of the clones), respectively. The gram-positive bacteria
sequences with S,,, values greater than 0.50 had nearest neigh- ~ comprised 12% of the patterns but only 7% of the clones.
bors that were named, cultivated organisms. In contrast, 89% Thirty-six sequences (representing 17% of the clones) were
of the sequences from the culture collections had nearest  phylogenetically ambiguous (S, values, <0.50; median S,,
neighbors in the RDP database that were named, cultivated value, 0.40) and represented either chimeras, deeply branching

organisms. These data demonstrated that the organisms rep- members of previously described bacterial divisions, or mem-
resented by the cultivated isolates were more similar to previ- bers of new, undescribed divisions. The combined data dem-
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FIG. 1. Division level phylogenetic diversity identified in 16S rDNA clone libraries and culture collections. Division level affiliations were determined by
phylogenetic analysis of partial or nearly full-length 16S rDNA sequences from 168 cloned 16S rDNA obtained primarily from the SO and CO clone libraries and from
35 bacterial isolates from the four culture collections. Bact.-Cyto.-Flexibact., Bacteroides-Cytophaga-Flexibacter.
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FIG. 2. Phylotype richness curves for clone and culture libraries. Sampling curves were calculated by rarefaction (21, 43).

onstrated that the clone libraries represented a phylogeneti-
cally broad spectrum of organisms.

In contrast to the clone libraries, only three divisions—the
gram-positive bacteria, the proteobacteria, and the Bacte-
roides-Cytophaga-Flexibacter group—were identified among
178 isolates in the culture collections. Based on an analysis of
partial 16S rDNA sequences obtained from isolates represent-
ing 33 of the 34 RFLP patterns identified among the four
culture collections, 81% of the isolates were gram-positive
organisms, primarily Bacillus species. Proteobacterial species
accounted for 18% of the isolates (12 of the 33 RFLP pat-
terns). One isolate belonged to the Cyfophaga group, and one
isolate was phylogenetically undefined. Thus, the phylogenetic
breadth of the cultivated isolates was restricted compared to
the diversity observed among 16S rDNA clones.

Phylotype richness and distribution. The number of phylo-
types (richness) and the frequency distribution of the phylo-
types (evenness) in each of the clone libraries and culture
collections were evaluated by using a variety of standard di-
versity indices. In most cases a phylotype probably does not
represent a single species. However, phylotypes are nonethe-

less discrete units of biological information that should be
suitable for traditional analyses of information complexity re-
gardless of the taxonomic level of discrimination. Since the
libraries differed in size, estimated phylotype richness [E(S)]
was calculated by rarefaction (21, 43) for smaller sample sizes
to allow standardized comparisons. As shown in Fig. 2, the 16S
rDNA cloning and plate culture techniques provided different
assessments of diversity in the Cosnino interspace compared to
the other environments. According to values obtained with the
16S rDNA clone libraries, the Sunset Crater interspace had a
relatively low level of phylotype richness, whereas the Cosnino
interspace, Cosnino rhizosphere, and Sunset Crater rhizo-
sphere environments had similarly high richness values. For a
sample size of 190 clones, the S1, C0, and CI libraries had
estimated diversities of 150, 150, and 147 phylotypes, respec-
tively, while only 127 phylotypes were estimated to occur in the
SO library (Table 2). In contrast, the culture collection values
suggested that the interspace environments at Sunset Crater
and at Cosnino were substantially less diverse than the rhizo-
sphere environments (Fig. 2). Approximately one-half as many
phylotypes were detected in the interspace culture collections

TABLE 2. Diversity indices based on Rsal-BstUI RFLP phylotypes in 16S rDNA clone libraries and culture collections from four
soil environments

Clone libraries

Culture collections

Index
C0 C1 N S1 iCO iCl iSO iS1
E(S)* 150 (1.3) 147 (4.3) 127 (2.3) 150 (NA)f 7(0.5) 14 (NA) 7 (0.6) 15 (1.6)
H? 7.067 7.092 6.612 7.018 2.405 3.254 1.541 3.337
Evenness® 0.972 0.967 0.936 0.971 0.802 0.855 0.514 0.800
D4 0.991 0.990 0.981 0.990 0.757 0.859 0.448 0.843
D/D o’ 0.997 0.997 0.989 0.997 0.865 0.925 0.512 0.893

¢ E(S) was calculated by rarefaction (21, 43) for a standardized sample size of 190 clones for each clone library and 37 isolates for each culture collection. The values
in parentheses are the variances arising from inherent statistical uncertainty during the estimation of phylotype richness for sample sizes smaller than the actual sample

size.

> H was calculated as follows (31): H = — 3 (p;)(logyp;) where p; is the proportion of the ith phylotype.

¢ Evenness (E) (31) was calculated from H as follows: E = H/H,,,,, where H, .,

= log,(S) and S is the total number of phylotypes.

4D was calculated as follows (44): D = 1 — 3 (p;)* The scale for D ranges from 1 to D,,,,, where D, = 1 — 1/(S).
¢ Since the scale for D varies between communities according to S, we standardized the measure by dividing by D ... This provided an evenness index conceptually

similar to the index derived from the Shannon-Weiner function.
/NA, not applicable.
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TABLE 3. Similarity matrix for phylotype composition for clone
libraries and culture collections

Clone library or % Similarity”
culture

collection iSO iS1 iCo iCl SO S1 C0
iS1 23
iCO 25 31
iC1 15 31 31
SO 1 4 4 4
S1 0 1 0 1 11
CO0 0 0 0 0 13 15
C1 1 3 1 2 16 16 22

“ Pairwise similarity values were calculated as follows: [(2 X common types)/
(total types)] X 100. Boldface percentages are values referred to in the text.

(iSO and iCO0) as in the rhizosphere collections (iS1 and iCl1).
For a sample size of 37 isolates per collection, 14 patterns
occurred in the iC1 collection and 15 patterns were estimated
to occur in the iS1 collection, while only 7 were estimated to
occur in the iCO and iSO (interspace) collections (Table 2).
Interestingly, a much larger number of 16S rDNA clones had
to be analyzed in order to detect a significant difference be-
tween the Sunset Crater interspace and the other environ-
ments. No significant differences were apparent among the
clone libraries when phylotype richness was estimated for a
sample size of 37 clones [E(S) ranged from 32 to 35 patterns
for the clone libraries, and the average varianceg s, was 2.6].

As shown in Table 2, other diversity measures that empha-
size phylotype richness revealed relationships between clone
libraries and between culture collections similar to those illus-
trated in Fig. 2. When either the Shannon-Weiner index (H) or
Simpson’s index (D) was used, the CO clone library appeared to
be as diverse as the C1 and S1 libraries, whereas the iCO
culture collection appeared to be more similar to the iSO col-
lection since it had noticeably lower diversity values compared
to the iC1 and iS1 collections. These data demonstrated that
both 16S rDNA cloning and cultivation can detect differences
between environments. However, the two methods may in
some cases provide contradictory views of species richness in
communities.

Although 16S rDNA cloning and cultivation provided
slightly inconsistent descriptions of relative phylotype richness,
these two methods described roughly similar relationships
among the four communities when the equability (or evenness)
of phylotype distribution in each library was measured (Table
2). Evenness values were calculated by using derivations of H
and D (Table 2). By either measure, evenness in three of the
environments was relatively high, while the distribution in the
Sunset Crater interspace environment appeared to be more
skewed.

Community composition. Only 15% of the phylotypes (78 of
526 patterns) identified in the 16S rDNA clone libraries and
culture collections combined were found in more than one
library or collection. As a result, the similarity values obtained
from pairwise comparisons of the compositions of clone librar-
ies or culture collections were very low (Table 3). The most
dissimilar 16S rDNA clone libraries were the S1 and S0 librar-
ies (11% similarity), while the C1 and CO clone libraries were
the most similar (22%). Comparisons of Sunset Crater clone
libraries with Cosnino libraries yielded intermediate similarity
values, which ranged from 13 to 16%. The lowest similarity
values arose from comparisons of the SO clone library with
other libraries, suggesting that the Sunset Crater interspace
environment was the most divergent. According to the values
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FIG. 3. Relationship between phylotype abundance and detection frequency
for 16S rDNA clone libraries and culture collections. The average abundance of
each phylotype was calculated across all eight libraries. Phylotypes were then
grouped according to the number of libraries in which each phylotype appeared.
The mean phylotype abundance for each group was calculated by using the
average abundance values previously calculated for individual phylotypes. Only
one phylotype appeared in six libraries. The error bars indicate 95% confidence
intervals.

in Table 3, the S1 and SO libraries each exhibited greater
similarity to a 16S rDNA clone library produced from soil
obtained 19 km away (the C1 library in particular) than to one
another despite having been produced from soil samples col-
lected no more than 33 m apart.

Like the comparison of clone libraries, comparison of the
phylotype compositions of the culture collections indicated
that the SO environment was the most divergent. The iC0, iC1,
and iS1 collections were equally similar (31%). Pairwise com-
parisons of these collections with the iSO collection yielded
lower values, the lowest of which was obtained from the com-
parison of the iC1 and iSO collections (15%). While the clone
libraries and culture collections both indicated that the level of
similarity between the CO and C1 environments was relatively
high, this was the only consistent pairwise comparison. In the
absence of replication, the significance of the similarities and
discrepancies between specific pairwise comparisons could not
be reliably interpreted.

In an attempt to ascertain whether the low similarity values
were a true reflection of community similarities or merely the
result of an overabundance of rare types with low detection
probabilities, we constructed a frequency table to examine the
probability of a phylotype occurring in more than one library
(data not shown). For example, for the 16S rDNA clone librar-
ies, phylotypes represented by only one individual in a library
had a 22% probability of appearing in a second library. In
contrast, phylotypes represented by at least five individuals in
one library had a 92% chance of appearing in a second library.
As shown in Fig. 3, the number of libraries (including culture
collections in this case) in which a phylotype appeared was
correlated with the average abundance of the phylotype. This
relationship was evident not only when clone libraries and
culture collections were analyzed together but also when the
two data sets were analyzed separately (data not shown). Such
a relationship would be expected for replicate samples or for
very similar communities but not for communities that are
substantially different. Thus, the four environments may be more
similar than the pairwise similarity values (Table 3) suggest.
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DISCUSSION

We investigated community diversity in four soil environ-
ments by determining phylotype richness, distribution, and
similarity for approximately 50 isolates and nearly 200 16S
rDNA clones from each environment. Both plating and 16S
rDNA cloning suffer from biases that can distort community
composition, richness, and structure. We assumed that the
biases operated uniformly for our four environmental samples
and that therefore the soil samples could be compared. Al-
though our data were not replicated, they provided a starting
point for assessing the merits of 16S rDNA cloning compared
to cultivation. The data demonstrated that the 16S rDNA
clone libraries provided more comprehensive sampling of the
phylogenetic diversity in the four soil environments than the
culture collections provided. Use of the two methods to assess
community diversity demonstrated that the methods provided
contradictory measures of relative phylotype richness in the
Cosnino interspace environment, but the methods identified
roughly similar relationships among the four communities
when phylotype distributions were compared (that is, evenness
was high in three of the environments but was comparatively
lower in the Sunset Crater interspace environment). Both
methods also identified the Cosnino interspace and rhizo-
sphere environments as the environments that were most sim-
ilar in terms of phylotype composition and the Sunset Crater
interspace as the most dissimilar environment.

The ability of 16S rDNA cloning to sample the phylogenetic
diversity in natural communities more comprehensively than
cultivation is characteristic of the method. Our results are
entirely consistent with this characteristic. The phylogenetic
breadth of any one of our clone libraries is comparable to the
phylogenetic breadth observed in previous studies in which 16S
rDNA cloning was used to characterize soil microbial commu-
nities (3, 12, 27, 29, 45). An extensive phylogenetic analysis of
56 clones from our libraries and a comparison of the data with
data obtained in other studies of cloned 16S rDNA sequences
from soil have been described previously (24). In addition to
multiple representatives of well-known bacterial divisions,
members of a new division (now called the Acidobacterium
division) were described. The Acidobacterium division was the
most abundant and diverse group in our 16S rDNA clone
libraries. This division was also the most abundant division in
a clone library established from Wisconsin soil (3) despite the
use of different PCR primers (primer 530 forward instead of
primer 8-27 forward) and DNA extraction procedures (see
reference 24 for placement of the Wisconsin sequences in the
Acidobacterium division). Phylogenetic information for an ad-
ditional 112 clones obtained in this study has not substantially
altered the division level diversity noted previously (24). Se-
quences affiliated with the genus Nitrospira have been identi-
fied, thus expanding the number of divisions detected in the
four soil samples from six to seven. Additional divisions may be
represented by the 36 sequences (placed in uncertain category
[Fig. 1]) that had extremely low S,, values with RDP se-
quences. For example, an RDP sequence representing candi-
date division OP9 (20) had an S, value of 0.474 with one of
the SO 16S rDNA clones. We are currently collecting full-
length sequences from some of the 36 rDNA clones in order to
accurately define their phylogenetic affiliations. The phyloge-
netic data obtained in the current study augment the impres-
sive diversity described previously (24). When compared with
data in other reports, our data demonstrate results typical of
16S rDNA cloning.

The phylogenetic diversity observed among our four culture
collections is also typical of the cultivation method. Gram-
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positive bacteria and proteobacteria are the predominant bac-
teria cultivated from soil on general-purpose, aerobic-growth
media (1). The skewed abundance of gram-positive isolates
may have been due in part to the fact that isolates were se-
lected after plates were incubated for only 3 days. In a study of
two soils in Japan, 71% of the isolates that formed visible
colonies within 18 h of inoculation were members of gram-
positive species (22). As the length of the incubation period
increased, the relative abundance of gram-positive organisms
in the total collection of isolates decreased. With two soils from
New Mexico the proportion of cultivated gram-positive organ-
isms decreased from 96 to 67% in a collection obtained after
24 h of incubation and then augmented after 3 weeks of incu-
bation (9). Gram-positive organisms have also been found to
predominate in the outer layer of soil aggregates (17) and are
preferentially recovered during extraction procedures that do
not adequately disrupt aggregates (through sonication, for ex-
ample). Nonetheless, since the culture collections used in the
current study were established in the same way from the four
communities, they should allow comparisons between commu-
nities despite their narrow phylogenetic scope.

Measures of diversity among the clone libraries and culture
collections revealed similar relationships among three of the
four environmental samples. The results obtained with both
methods used indicated that the levels of diversity in the Sun-
set Crater and Cosnino rhizosphere environments were com-
parable, while phylotype richness was lower and more skewed
in the Sunset Crater interspace. Relatively similar values for
phylotype richness (S, D, and H) and evenness (H/H,,,, and
D/D,,.,) were obtained for the rhizosphere environments com-
pared to the Sunset Crater interspace (Table 1). Culture col-
lections from samples obtained in September 1994 exhibited
the same pattern of diversity as the culture collections obtained
in April 1994 (data not shown), suggesting that the diversity in
the Sunset Crater interspace was in fact less than the diversity
in the rhizosphere environments. This observation is consistent
with the idea that pinyon pine roots (matched for age) provide
a homogeneous environment for microbial growth and com-
munity development and modulate the effects of different soil
types. The lower diversity observed in the Sunset Crater in-
terspace was likewise consistent with our knowledge of the
physical characteristics of this environment. The Sunset Crater
interspaces are devoid of macroscopic plant life. The black
cinder gravel that constitutes the soil at Sunset Crater creates
a hot, exceptionally arid environment due to low water reten-
tion. The apparently stressful conditions in the interspace are
expected to reduce microbial community diversity, and the low
moisture content and rapid water drainage in the cinder gravel
should limit horizontal migration of bacteria from the rhizo-
sphere environment to the interspace.

The 16S rDNA cloning and plate cultivation methods pro-
vided inconsistent assessments of relative phylotype richness in
the fourth environment, the Cosnino interspace. Unlike the
barren Sunset Crater interspaces, the interspaces at Cosnino
are covered by grass and forb species, and the sandy loam soil
at Cosnino retains more water than the Sunset Crater cinder
gravel. Grass roots are abundant in the Cosnino interspace
soil. Phylotype richness appeared to be as high in this environ-
ment as it was in the pinyon pine rhizospheres when it was
measured by 16S rDNA cloning. However, based on plate
cultivation, the Cosnino interspace appeared to have approxi-
mately one-half as many phylotypes (like the Sunset Crater
interspace) as the rhizosphere environments (Fig. 2). This re-
sult was surprising in light of the physical characteristics of the
Cosnino interspace. Interestingly, 16S rDNA cloning and plate
cultivation both demonstrated that the frequency distribution
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of phylotypes (evenness) in the Cosnino interspace was rela-
tively similar to that observed in the pinyon pine rhizosphere
environments. In the absence of replicated data and larger
sample sizes, it is difficult to accurately interpret the discrep-
ancy between the 16S rDNA cloning and plate cultivation data.
The most probable explanation, however, is that the discrep-
ancy arose from sampling different fractions of the microbial
community. Whereas the CO clone library contained a wide
variety of eubacteria, the iCO culture collection contained pri-
marily fast-growing, cultivable, aerobic heterotrophs belonging
to the gram-positive and proteobacteria divisions. Thus, it
seems reasonable to assume that one subcomponent of the
interspace community may have lower species richness but that
the total community diversity in the Cosnino interspace is
probably similar to the community diversity in the rhizosphere
environment.

Interpretation of phylotype composition similarity between
communities was more problematic than analysis of phylotype
richness or distribution. The similarity values were uniformly
low (11 to 31%). However, the low values obtained from stan-
dard similarity comparisons may have been largely the result of
each library containing a large proportion of rare phylotypes
that had a low probability of being detected. Indeed, the av-
erage similarity of the culture collections (which contained
smaller proportions of rare phylotypes) was higher than the
average similarity of the clone libraries. The detection fre-
quency of a phylotype in two or more libraries was positively
correlated with phylotype abundance. We observed this rela-
tionship among the clone libraries as well as among the culture
collections, although in the latter case the small sample size (34
phylotypes) provided a marginal number of data points. This
relationship was expected for replicate samples but not for
samples which had substantially different compositions. For
replicate or very similar samples, abundant phylotypes should
have greater probabilities of being resampled than rare phylo-
types have. If community similarity values were calculated by
using only the subset of phylotypes that appeared in at least
two libraries, the average levels of similarity of the clone li-
braries and culture collections rose from 15 to 53% and from
26 to 52%, respectively. These data suggest that the phylotype
compositions of the four environments may be substantially
similar but that 16S rDNA clone libraries and culture collec-
tions document the similarities inadequately due to the large
abundance of rare phylotypes typical for such collections.

In summary, 16S rDNA cloning appears to be as valid as
plate cultivation for investigating diversity in environments de-
spite the numerous biases that can occur in the 16S rDNA
cloning method. Although the two approaches in some cases
provide different assessments of relative community diversity,
the discrepancies probably arise from sampling different seg-
ments of microbial communities. Identifying consistent rela-
tionships between environments based on comparisons of cul-
ture collections and culture-independent techniques may be
highly dependent on the habitats sampled due to the limited
ability of a single cultivation method to survey the bacterial
domain and the influence of bacterial physiology in situ on the
success of cultivation in the laboratory. Previous studies com-
paring the compositions of microbial communities by analysis
of 16S rDNA clone libraries have been confined almost exclu-
sively to comparisons of marine environments (2, 8, 14, 15, 36,
38, 42). Overall community similarities have not been de-
scribed. However, identical or nearly identical (<1% mis-
match) 16S rDNA sequences have been retrieved from marine
samples obtained thousands of miles apart (8, 14, 16, 36, 42).
Thus far, such sequences have not been identified in clone
libraries derived from different soil samples. Analyses of com-
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munity diversity by using clone libraries have not been repli-
cated to date. Key questions about sampling probabilities and
the range of composition similarity need to be addressed by
using replicate samples in order to facilitate the interpretation
of clone diversity in different environments. Other techniques
based on direct 16S rDNA amplification that are more ame-
nable to replication should provide powerful tools for rapidly
investigating diversity in communities despite the inability of
such techniques to accurately assess community structure.
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